We developed a three-phase electrostatic stepper micromotor and performed a numerical simulation to improve its performance for practical use and to optimize its design. We conducted its circuit simulation by simplifying its structure, and the effect of springback force generated by supported mechanism using flexures was considered. And we considered new improvement method for electrodes. This improvement and other parameter optimizations achieved the low voltage drive of micromotor.
Introduction

MEMS
(1) actuators for highly accurate angular control are required for industrial uses (e.g., hard disk drives). At the University of Tokyo, a 3-phase electrostatic stepper micromotor 
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Vol.4, No.6, 2010 (2) was developed. Figure 1 shows the working principle of motor and the structure of stator (layout of vertical trench isolation). It consists of a rotor with grounded poles and a stator with active poles that are controlled by integrated 3-phase electrical connections. The actuation depends on the electrostatic force generated by applying a voltage between the grounded rotor poles and the stator poles of a given phase. Although the radial component of the electrostatic force acting on the rotor is cancelled because of the symmetry, the tangential component generates a global torque realigning the rotor with the stator poles of the active phase. In this design, the rotor is suspended by flexures, called a butterfly pivot (3) instead of the usual friction bearings. In this research, we investigated methods for analyzing the micromotor based on MEMS Design Tools, MemsONE TM(4) , and we investigated an optimal design for low voltage operation of this motor.
It is difficult to analyze the entire structure of this motor because it generates rotation. Therefore, we simplified the motor's structure by reducing the four-layer flexures to two layers and deploying rotational movement for parallel displacement. In this analysis, the resonance frequency characteristic and static deformation are important; therefore, we adjusted the parameters of the analysis model considering these features. The stiffness of the flexure springs is converted from the butterfly pivot to a parallel suspension (PS). We deduced a theoretical equation for the relationship between force (torque) and deformation (rotation angle). To adjust the resonance frequency, we obtained the transfer function of the four-layer flexures and simplified it; its resonance frequency is calculated by eigenvalue analysis. The resonance frequency of the simplified model is also obtained. By comparing these two relations, we obtained an equation for converting the stiffness. Theoretical descriptions are mentioned at last paper (5) . In addition, we implemented the calculating function of accurate electrostatic force caused by the lateral offset between opposing poles in MemsONE TM . We simulated our simplified model using circuit simulation in MemsONE TM .
A previous paper showed that drive voltage of a micromotor increased for the load case. Then, the problem with too high voltage occurred in the actual drive. Therefore, to achieve an efficient drive, we need to improve and optimize the structure of a micromotor, which we attempted to do in this study by improving electrode structure and by performing complete parameter optimization. Figure 2 shows the SEM micrograph of a completed micromotor. The device has a diameter of 1.4 mm and height of 37 μm. Electrodes on the stator and rotor are 10 μm long and 4 μm wide, and are separated by a gap of 1.25 μm. The pitch of the electrodes on the 
Analysis model
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• (10 μm) and 4/3 • , respectively. During operation of the motor, only 64 stator poles in each phase face the opposite poles on the rotor. The motor is suspended with a 'butterfly' flexure pivot (BFP) consisting of eight beam flexures that are 400 μm long, 3 μm wide and 37 μm high. One layer is constructed of two beams, then it has four layers. These layers connect from the upper fixed part to the rotor. The stator poles are symmetrically located around the rotor to cancel the radial component of the electrostatic force acting on the rotor. Figure 3 shows the two-layer PS. The structure is designed referring from the paper (6) .
A rotor of weight m 2 is supported by a high-stiffness beam (m 1 ) and flexure beams. The displacement can be halved to convert the structure from four layers to two layers of BFPs. In addition, the displacement can be halved to convert the structure from two layers to one layer of PS. Therefore, the spring constant of one layer of PS matches that of two layers of BFP. This relation will give equivalent displacement between two layer of PS analysis and four layers of BFP.
Matching the characteristics between resonance frequency and displacement
A four-layer BFP is equivalent to a four-layer torsion vibration model. We simplified this model; the relationship between resonance frequency and stiffness is obtained from eigenvalue analysis. We also obtained the relationship between the resonance frequency and stiffness of a two-layer PS from eigenvalue analysis. The stiffness of a two-layer PS is obtained from the equivalence of the above-mentioned two relationships.
The relationship between resonance frequency and stiffness is complicated. First, we obtained the stiffness from the equation relating resonance frequency and stiffness, matching a four-layer BFP and a two-layer PS. The displacement is linear, and it is changed by a stiffness ratio (R) obtained from the difference between the relationships of equivalence of resonance frequency and equivalence of displacement. The required force is proportional to depend on the displacement. The drive voltage is proportional to the square root of the drive force. Thus, the drive voltage can be computed by multiplying the
by the drive voltage of circuit simulation results.
The stiffness of the analysis model can be obtained from the equivalence relationship between the displacement of a one-layer PS and that of a two-layer BFP. The angular stiffness of a two-layer BFP (7) is obtained from the following equation:
Here, Flexure length: l p = 400 × 10 −6 m, distance to the virtual center: P = 115 × 10 −6 m, young modulus:E = 1.6 × 10 11 N/m 2 k θ,1 is one layer, k θ,2 is two layers, k θ,4 is four layers angular stiffness of BFP. These stiffnesses have the following relationship:
The conversion Young's modulus of a one-layer PS (CE PSW , whole model) is calculated using the equivalence relationship between the displacement of a two-layer BFP and that of a
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Here, k θ,2 is the angular stiffness of a two-layer BFP (7) , l is twice the length of the beam, and The spring constant of the one-layer PS (k PS ) is computed by the spring constant equation of the one-layer parallel spring and equation (2), as follows:
The resonance frequency of a two-layer PS is obtained from the following equation (8) :
It is the first eigen frequency. Here, m 1 , m 2 is first and second layer of mass, k is stiffness of spring. We solved the stiffness using the resonance frequency and stiffness equation from the relationship between a four-layer torsion vibration and two-layer PS model. The stiffness of a two-layer PS (k PSD ) is obtained (5) from the equivalent relation between a four-layer torsion vibration and the two-layer PS model, as follows:
The difference between this equation and equation (3) is coefficient of
Thus, the square root of the coefficient : 1.42 must be multiply the circuit simulation voltage. The resonance frequency of the actual motor is 279 Hz. The resonance frequency value of a two-layer PS is 369Hz using k = k PSD . Further improvement in the accuracy is a subject of future investigation. The stiffness parameter of the circuit simulation is the Young's modulus of spring that is described in the next section.
Analysis method
To improve the accuracy of simulation, we approximate the capacitance per thickness (C(x)[F/m], F : farad) between opposite poles by a Gauss-Lorentz mixture function.
Here, x is deviation of two poles, h is peak value, m is weight, μ is average value, w is width of half deviation, C 0 is offset value. The parameters of this equation are computed using the results of FEM (9) simulations for electric field. The relation between electrostatic force (F x ), electrostatic capacitance and drive voltage (V) is described as follows:
we implemented a function to calculate the force caused by lateral offset between opposite poles in the MemsONE TM circuit simulator. Figure 4 shows the poles of the analysis model in detail. The gap between the rotor and the stator pole is 1.25 μm, the width of the pole is 5 μm, the pitch of the stator poles is 13.333 μm and that of the rotor poles is 10 μm. In this motor, three poles form a set. Three steps are needed to progress to the next set, and each pole pulls the opposite pole at each step sequentially. The circuit simulation is executed using three sets of poles that match each other
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This model has two sets of poles at each side, for a total of four sets. This is a 1/16 scale model of the actual motor. Table1 shows the parameters of the analysis. A conversion Young's modulus of CE PS = 1051 MPa (calculated as CE PSA × 0.495 × 1/16) is used for the spring. SBF was given by external force resource for circuit simulation. In the following simulation, required voltage is obtained by multiplying simulation result by 1.42.
The drive voltage is determined by estimating the approximate voltage by achieving the final position when increasing the drive voltage from a low to high value and by calculating the precise voltage when the overshoot is less than 0.5 μm. 
Spring back force and effect to response
The actual movement of a motor is influenced by the viscosity of air and other materials (10) . In our configuration, the rotor of the electrostatic stepper micromotor is suspended using a butterfly pivot. The springback force (SBF) is then increased by increasing the rotation angle of the rotor. In this manner, we consider the effect of air viscosity and SBF.
Spring back force and air viscosity
The response characteristic is influenced by mechanical damping and air viscosity. We first consider air viscosity; Figure 5 shows its two main effects. One main effect is caused by the slide-film damping force between opposite poles (11) . This viscosity force is 2.3×10 −9 N for 1.85×10 −10 m 2 pole's area and 64 set of poles, obtained from equation (8) .
Here, μ=2×10 −5 Pa·s,U=0.012m/s,h g =1.25×10 −6 m.
The other effect is caused by the air resistance of flexures, which have a large area and a resistance face perpendicular to the direction of movement. This viscosity force (D) is 6.96×10 −10 N for 8 flexures, calculated from following equation.
Here, U max =0.012m/s,l=4×10 −4 m,h=3.7×10 −5 m,C D =200.0(circular plate, Re=0.1). In this case we used circular plate's C D instead of rectangular column's C D , because we have no information of rectangular column's C D for low Reynolds number (Re) and both type's C D are almost same value at Re=1000 (12) . And although Re of this case is 0.02, a minimum experiment value of Re is 0.1 (12) . Then we use C D of Re=0.1 case.
Journal of Advanced Mechanical Design, Systems, and Manufacturing
Vol.4, No.6, 2010 To estimate SBF, we set the maximum angle (θ) of rotor to 15 degree for practical usage. First, springback torque (SBT) is derived by multiplying stiffness with rotation angle as follows:
SBF is then obtained by dividing torque with total length of a flexure (13) .
Thus, a flexure with the dimensions of length = 400 μm, width = 37 μm and thickness = 3 μm produces an SBF of 2.3×10 −5 N. SBF is much higher as compared to air viscosity.
Regarding the SBF value in this simulation, we execute the circuit simulation for the most severe condition at a 15-degree rotation angle, and we assume that the SBF value is constant because the transformation angle is only one degree. Figure 6 shows the drive voltage waveforms of the simulations. Three step voltages are applied for each phase for three set poles with a stepwise voltage input pattern. Figure 7 compares rotor displacement with SBF to that without SBF for a drive speed of 1800 Hz (We defined the frequency of the matching ratio of the rotor poles against the stator poles. In this case, the rotor poles match against 1800 stator poles in one second.) and stepwise drive voltage. It is more difficult to perform positioning control in the case with SBF. DS1 DS4 is smaller than that of DS1. Then, the residual vibration was reduced using SBF for the appropriate drive voltage. The drive voltage for the case with SBF needs to be increased by almost 70% over the case without SBF which is the same as the condition around zero degree rotation. The final position of DS3 and DS4 differs from that of DS1 by about 1 μm, due to the effect of SBF. A low drive voltage is required for the actual motor drive. To attain this, we added a gradient to the drive voltage waveform to improve the dynamic characteristics of the rotor. Figure 9 shows the drive voltage with gradients added on both sides (ramp voltage pattern (Ramp)). From this result, we realise that the residual vibration of DFR3 and DFR4 is smaller than that of DFR1. Then, the residual vibration was reduced by SBF for the appropriate drive voltage. The drive voltage for the case with SBF needs to be increased by almost 12% over the case without SBF. Figure 11 shows the force between opposite poles: (a) is the force of DFR1 and (b) is the force of DFR3. In this figure, F1, F2 and F3 are the drive direction forces for the first, second and third pairs of poles, respectively. The F3 vibration of DFR3 is lower than that of DFR1. Then, the displacement vibration of DFR3 can be lowered compared with DFR1, which is affected by lower force vibration. 
Effect of spring back force
Optimization for low voltage drive
There are several parameters that may be optimized. In the following section, we describe the improvement method and the optimization method, as well as their results.
Optimization parameter
The simulation parameters important for the various optimization conditions are as follows. The number of poles can be increased by increasing the flexure length. The analysis Journal of Advanced Mechanical Design, Systems, and Manufacturing Vol.4, No.6, 2010 model has 12 sets of poles. The total number of poles of the rotor is increased by 16, 24 and 32 times for 400, 600 and 800 μm flexure lengths, respectively. Hereafter, we call this ratio the multiplicity of the model. The moment of inertia of the femto slider is 0.058 mg/mm 2 which is 3.1 times greater that of a rotor with a flexure length of 400 μm. As moment of inertia is linearly proportional to weight, if the slider's moment of inertia is large, we can neglect the increase in the rotor weight caused by change in flexure length. Then, the density of the analysis model rotor is adjusted by varying the volume ratio between the actual rotor and the analysis model rotor, and by varying model multiplicity. The conversion Young's modulus depends on the flexure length. Table 2 shows these parameters for all flexure lengths. 
First optimization
We performed circuit simulation and searched for the smallest and most stable residual vibration voltage for the stepwise drive, for different flexure lengths and flexure thicknesses (flexure height was fixed at 37 μm); we performed this simulation both with and without SBF. Table 3 shows drive voltage for each case. In this table, the resonance frequency of the parallel suspension and SBF (1/16 model) are described. The resonance frequency and SBF are reduced by increase in flexure length and decrease in flexure width. From these simulations, the lowest voltage obtained is about 80 V; this drive voltage is still too high for a practical drive. Then, we considered another improvement method, which is explained in the following section. 
Improvement of electrode design
To increase the electrostatic force, we need to improve the air gap characteristic while ensuring that sufficient electrical insulation exists, because the dielectric constant of an air gap is very low. We considered the electrodes to be covered with high dielectric constant material. Recent technological developments (14) have produced various functional materials with high dielectric constants material coating. In addition, high dielectric constant materials have good insulation property. Therefore, even if the length of an air gap is reduced, the risk of a short circuit does not increase. This method suffers from build-up of charges at the insulating layer, and therefore, a technique to control discharge of the insulating layer is required to maintain the performance. We selected BaTiO 3 as the coating material. Figure 12 shows three types of coating methods. Figure 13 shows the relationship between the force applied in the direction of the drive and the offset of opposite poles for normal conditions: no coat, M025: one pole is coated 0.25 μm, M05: one pole is coated 0.5 μm, M025W: both poles are coated, 0.25 μm. These curves are computed by electric-field finite element analysis (gap is 1.25 μm). The characteristics are almost the same between M05 and M025W. The force is almost two times higher than normal for M025W and M05. Therefore, we can reduce the drive voltage using these improvements. These curves are approximated by the Gauss-Lorentz mixture function and used in MemsONE TM circuit simulation.
Second optimization
We performed a circuit simulation for M025W coating and searched for the smallest and most stable residual vibration voltage for a stepwise and ramp drive, for different flexure lengths and flexure thicknesses (flexure height is fixed at 37 μm); we executed this simulation with and without SBF. Table 4 shows the drive voltage for each case. In this simulation, the drive voltages of the case with SBF (800 μm) were lower than the case without SBF. We considered that lower drive voltages were realized by suppression of vibration by SBF. From these simulations, the lowest voltage achieved was below 50 V for a ramp drive. A flexure (length = 600 μm and width = 2 μm) is also useful for a low voltage drive. In addition, the difference between the final positions for the cases without SBF and with SBF was reduced to within 0.5 μm for an 800-μm-long flexure.
Conclusion
We simplified an electrostatic stepper micromotor to a parallel suspension model while keeping the former resonance and displacement characteristics. We also considered spring back force which was caused by supported mechanism using flexures. Circuit simulations were executed by MemsONE TM which was improved for the relation between force and opposite poles offset. From these simulation, spring back force was reduced the residual vibration for same and opposite direction of moving, and this effect act as similar to large viscosity
